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ABSTRACT

Crack growth rates, in various environment during high atress-low cycle
- fatigue testing, load testing and continuous loading were measured in three
production gun ateels, Mazage 250 and Republic 9s4-30. These results were
combined with measured mechanical properties and fracture toughness param-
- eters for comparison with service behavior,
\




1. INTRODUCTION

A, Background

The failures of large gun tubes in service are believed to involve the
following stages of cracking: a) formation of a ''crazing'' pattern on the bore sur-
face after a relatively few rounds of firing, b) preferential slow crack growth in a
radial direction on continued firing and c) unstable crack growth resulting in com-
plete fracture through the gun tube wall during the final rouad of firing. The initial
stage of crack formation is apparertly due tc the combinec effects ot varying in-
ternal pressure, hot gases and thermal cvcling of the bore surface auring each
round of firing. With current gun tubes, it does not seem possible to prevent this
stage of cra.. formation, The sccond stage, which involves slow crack growth,
has not been sufficiently investigated, but may bc due to corrosion fatigue effects
associated with the alternaticn of internal pressure and the formation of hot gases
during firing. This intermediate stage usually involves preferential girowth of
cracks that initiate along land fillets where the maximum service stress is devel-
oped. These cracks progress in a radial direction {roni the bore to the outside
srrface until a critical crack length is reached that depends on the peak internal
pressure, fracture toughness and design of the gun tube. The final stage involves
unstable crack growth, which results in either longitudinal rupture of the gun tube
wall or ""blowing up'' of the gun tube into many fragments.

Since a gun tube is usually serviceabie until the final stage of cracking
occurs, the service life may be considered to aepens on th: number of firings re-
quired for a radial crack to reach a critical size. For a givea gun tube design and

peak internal pressure developed during firing, th. service life shoulc therefore




- ’

depend on both the rate of slow crack growth and the magnitude of ‘he critrcal crack
size. For gun tubes of the same fracture toughness level and congequently the same
critical crack size, the tube with the lowest rate of clow crick growth would be ex-
pected to give the longest service life. This follows since 'nore firing rounds would
be required ‘o reach the critical crack aize than for a tube with 2 fagter rate ni
growth. Hcwrver, for gun tubes of varying fracture toughness levels, either the
ratc oI slow crack growth or the critical crack size mav determine which tube gives
the longest service life,

B. Program Sccpe

Although the phenomenon of slow crack growth in gun tubes is not under-
stood, it i8 probably related to both the fracture toughness and fatigue characteris-
tics under corrosive conditions, The present program constituted an investigation
of slow crack growth in currently used as well as potential gun steel ccmpositions
The main objective of this program was to determine the slow cracl. growtbh charac-
teristice of selected gun steels at stress levels below that corresponding to pop-in

a——
under plane strain conditions. | Determinaticns were made of slow crack growth in
precracked bend specimens under continuous, constant and cyclic loading, using
both optical and electrical potential measurements to follow crack extension. In
order to show possible stress corrosion and corrosion fatigue effects, the tests

were conduc’.d using dry argon and distillec water as environmental extremes. l

C. Materials

>

. . . . *
The materials selected for this program ccnsist of a 3% nickel ateel

finished 175mm gun tube (no. 1131) that was subjected to service firings at an

*Similar in composition to 4337 mod. except for lower carbon content (G.32% vs.
0.37%), bighernickel content (3% ve. 1.8%) and higher chromiumcontont (1.27%
ve, 0.85%).




estimated peak ivternal pressure of 50 ksi followed by pressure cycling at
Watervliet Arserz! from zerc to 50 kei until failure occurred, a 4337 mod. steel
finished 175mm tube (no, 733) that was subjected to approximately the same num-
ber of firings and the same peak internal pressure as no. 1131, but failed in
service, a 3% nickel steel” unfinished 175mm gun tube (no. 1007) in the heat
treated condition, a Mara; e 250 steel billet i~ the soft condition, a Republic §-4-20
(Cr, Mo) steel plate i the hot rolled condition and a Republic 9-4-30 steel plate

in the hot rolled condition, General information on these materials is given in
Table 1. The tbree gun tubes vere tested in the as-received condition (already
heat treated), whereas the Marage 259, the Republic 9-4-20 (Cr, Mo) and the

Republic 9-4-30 ateels were heat treatea at Manlabs prior to mechanical iesting.

#Similar in comporition to 4337 .nod. except for lower carbon content (0. 32% vs.
0.37%), higher nickel content (3% vs. !.8%) and higher chromium content (1.27%
ve. OQSSqO)-
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1I. CHARACTERIZATION OF MATERIALS

— A, Chemical Composition

According to the suppliers' specifications, the composition limits of

the conventional gun tubes investigated are as follows:

Steel C Mn P S Si Ni Cr Mo v
C max max B -

3% .28/3¢8 .30/.70 .015 .015 ,15/.50 2.50/3.75 .50/1,20 .40/1.00 .0¢/.15
— nickel
- TRx max

4337- .45 .40/.90 ,025 ,025 .10/.30 1.00/2.50 .50/2.00 .35/.85 .25
- mod.

As shown in Table 2, both the sup, iiers® and check chemical analyses carried cut
by ManLabs on tubes no, 1131, 733 and 1007 indicate that their chemical compo..-

tions fall within the specification limits. The check analyses made on these tubes

S~ essentially confirm those reported by the respective suppliers, It is of interest to

:E".‘ note the large difference in nickel content between tubes no. 1131 and 1007 and tube

ig no, 733. With respect to the no. 09132 Marage 250 billet, relatively large differences

’r were found in nickel content (17.87% ve. 18.45%) and in cobalt content (8.51% vs.

". 7.70%) by the two analyses, This indicates possible segregation effects although

L different and possibly inaccurate techniques of chemical analysis may have beenused,
Although the Republic 9-4-20 (Cr, Mo) has a carbon countent correspond-

F ing to HP-9-4-25, the amount of alloying elements in the two steels are quite different.

[ B. Normetallic Inclusion Content

F Nonmetallic inclusion ratings of the program steels based on ASTM

| E45-63, Method A are given in Table 3. The maximum severity (worst field) and

- average severity, which are listed for each type of inclusicn, are based on examina-

- tionof 64 fields at 100X in a longitudinal specimen, located adjacent to the bore surface for

i the gun tubes.

.
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All of the program steels appear to be relatively inclusion free with
the exception of the 250 grade Maraging steczl.

C. Macroexamination

Transverse slices of tubes no. 1131, 733 and 1607 were macroetched
in 50% HCI - 50% HZO for 20 minutes at 165°F, Other than the service cracks in
tubes no. 1131 and 733, no evidence was found of defects such as seams, cracks or
flakes. However, some evidence of dendritic structure remaining from the original
ingot was found in all three tubes indicating a relative.y low level of hot working.
Macroexamination of the Marage 250, the Republic 9-4-30 and tle
Republic 9-4-20 (Cr, Mo) revealed no defects, H

D. Heat Treatment of Program Steels

Table 4 lists the heat treatments given the program steels and the re-
sulting 0, 1% yield strengths, The heat treatments given tubes no, 1131, 733 and
1007 were production heat treatments, while those given the Marage 250, Republic

9-4-30 and Republic 9-4-20 (Cr, Mo) were performed at ManLabc.
The 0, 1% yield strength of 164 ksi for Republic 9-4-20 (Cr, Mo) is the

highest yield strength obtainable in this steel utilizing a conventional quench and
tamper heat treatment, Since this yield strength does not reach the desired yield
strength level of 175 to 185 ksi, testing of this steel was discontinued following pre-
! ‘cracked impact testing (Section IIB),
It should be noted that a 10 hour age instead of a 3 hour age was neces-
sary to obtain the desired yield strength level of 240-250 ksi for the Marage 250,
The tempering temperature of 1100°F for HP-9-4-30 was determined

by the method described in Section I E,




TABLE 4

AT TREATMENT PROCEDURES FOR PROGRAM STEELS

0.1% Offsct
Steer No, Heat Treatinent Yield Stirength
ks1

113} ’ a) austenitize ISSOUF, 5 sours, w, q, 18]

L) temper lOZS“F, 8 nhours, w, q.

733" ) wustenitize 1640°F, quench 186

b) straighten 960VF

¢) temper 9609F
1007" 4) austenitize 1550°F, quench 175

b) straighten 10400F

¢) temper 1040°F
Marage 250 a) solution annecal ISSOOF, 1 hour, a. c. 24]

b) age 900°F, 10 hours
9-4-20 4) austenitize 1625°F, 1 hour, o. q. 164
(Cr, Mo) b) temper 1000°F, 1 + 1 hours
9-4-30 a) austenitize 1550°F, 1 hour, ln. q. 182

b) temper 1100°F, 1 + 1 hours

"Production heat treatment,

M o S b

e b s i




E. Heat Treatment of Republic 9-4-30

Oversized tensile blanks of Republic 9-4-30 steel were heat treated

as below before final machining,

1, 1500°F 1 hour; oil quench; liquid nitrogen quench,

2. Temper 1 hour; liquid nitrogen quench.

3. Temper 1 hour; air conl

The tempering temperatures used ware 950°F. 1000°F, 1050°F 1100°F
and 1150°F, Two tensile specimens were tempered at each temperature.

Figure 1 shows the variation of the tensile properties with tempering
temperature for the Republic 9-4-30 alloy. A tempering temperature of 1100°F
gives the required 0, 1% offset yield strength of 180,000 psi,

F. Teneile Tests

The specimen geometry for tensile testing of the program steels is
shown in Figure 2. All tensile tests were performed on a Baldwin 60 BTE Universal
Tensile Machine. Autographic strees strain curves were recorded for each speci-
men using a microformer averaging extensometer. At least two tensile specimens
were tested for each steel in both the longitudinal and transverse direction.

Table 5 reports the results of tensiie testing. The 0, 1% transverse
yield strengths fall in the range 175 to 186 ksi with the exception of the Marage 250
steel and the 9-4-20 (Cr, Mo)., Specification MIL-T-10458C(MR), 28 October 1963
(which covers forgings) specifies a minimum reduction in area of 19% in the trans-
verse direction and 35% in the longitudinal direction for steels baving a 0. 1% yield
strength of 175-185 kei. The three gun tubes and the Republic 9-4-30 aii satisfy

this requirement. However, both on this basis and on the basis of per cent elongation,

10
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the Republic 9-4-30 is superior to all of the steels at w.c 180 ksi yield strength
level. The highest ductility amongst the three gun tubes is exhibited by no, 1131
while no.733 is lowest,

The large variation of tensile properties in tube no. 1131 in the longi-
tudinal direction is thought to be due to residual stresses and/or segregation,
although no definite conclusion may be drawn without further testing.

~

G. Charpy Imgact Tests

Table 6 lists the standard Charpy impact energies at room temperature
and -40°F in both the longitudinal and transverse direction, These data were ob-
tained by testing the program steels, in duplicate for each condition and test temp-
erature, in a Manlabs CIM-24 Impact Machine using the specimen gecometry shown

in Figure 3.

Specification no, MIL-T-10458C(MR), calls for minimum Charpy impact
encrgies of 11 and 19 ft/1bs at -40°F in the transverse and lougitudinal directions,
respectively. In the former case, the crack propagates in a radial direction in a
longitudinal plane whereas in the latter case, crack propagation is in a radial dich-

tion in a transverse plane,

Reference to Table 5 showe that tube no.733 does not meet this speci-
ficatio~ ard tube no. 1007 is marginal, Tube no, 1131, while acceptable, is inferior
to the Republic 9-4-30, The Republic 9-4-20 (Cr, Mo) has exceptionally high im-
prct energy at a lower yield strength, while the 250 grade Maraging steel is quite
low, Ncte should be made of the Iarge variation in transverse and longitudinal Charpy

energies in tube ro.733 and the Marage 250,
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TABLE 6

CHARPY IMPACT TESTS OF PROGRAM STEXLLS

Steel No, Oricn:aﬁion_
1131 trans
~ long
733 I* trans
LN,
long
1007 ”Q;rans
long
Marage /ttrans
250 T -
long
9.4-20 trans
(Cr,Mo;
9-4-30 irans
long
15

%

N

Test
Temp W
{ft-1bs)
+75 25.3 A
-40 14,6 )
+75 51,0
-40 20.2
+75 10.%
-0 . 6.4 ,'Y
+75 29.9
-40 20.8
+75 170 T
-40 . 10.4 .~/
+75 25,8
-40 17.5
; A
+75 5.0 =
=40 fa-wm~»5.4m‘_,-__,\
+75 25.6
-40 15.6
+75 41.1 .
=40 34,1
+75 27.0
~40Q 20.8 - - A
+75 27.9
~40 23.6

el St 4
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lI. PRECRACKED IMPACT AND SLOW BEND TESTS

A. Procedure
Precracked Charpy impact and slow bend tests were carried out on
specimens of the design shown in Figure 3, Fatigue precracking to a depth of about
30 mila below the V-notch was carried out in a ManLabs FCM-300 machine operating
at 1800 rpmi., 7he impact and slow bend tests were carried out in ManLabs CIM-24
and SB-750 testing machines, respectively.

B. Results of Precracked Charpy Impact Tests

Precracked Charpy impact tests (PCI) were conducted in the transverse
direction at test temperatures of +75°and -40°F in air, As shown in Table 7, the
(W/A)pci values fall in the range of 411 to 2676 inch-lba/im:hz at +75°F and 158 to
2174 inch-lba/im:h2 at -40°F. The order of decreasing toughness being 9-4-20
(Cr, Mo), 1131, 9-4-30, 1007, 733, Marage 250, Based on the (W/A)ci reaults of
Table 2, the ratios of (W/A)pci to (W/A)ci fall in the range of 63 to 85% excent for
tube no.733 at -40°F (26%). Since the drop in impact toughness of tube no,.733 with
decrease in test temperature is more prcounced with a PCI than with a Cl test, it
appears that lowering the test temperature has a great effect on crack propagation
in this steel,

C. Results of Precracked Slow Bend Tests

Precracked slow bend tests (PSB) were carried out in the transverse
direction at +75°F in a dry argon atmosphere. The specimen was subjected to
:hree point loading at a deflection rate of 0,0125 inch/minute. As shown in Table 3,
it was found that the (Vv’/A)pab values are in the range of 406 to 1844 inch-lbs/inchz.

The order of decreasing toughness being the same as for the PCI test,

17
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— TABLE 7
~ PRECRACKED IMPACT AND SLOW BEND TESTZ OF PROGRAM
.. MATERIALS IN THE TRANSVERSE DIRECTION
~ Steel Test _, . . 2
: No. Temp. (W/A) o) W/A) g o /(W/A) (W/A)gp
’ in-lbs/in’ % in-1bs/in
~ 1131 +75 2055 84 1060
. -40 1015 72 .-
|
- 733 +75 644 62 507
-40 158 26 .-
_ 1007 +75 1317 77 865
-40 803 80 .-
‘ Marage +75 411 85 406 i
~ 250 -40 355 67 —--
VT 9-4-20 +75 2676 67 1844
| - (Cr, Mo) -40 2174 66 ——--
L
{‘ " 9-4-30 +75 1793 69 1093 -
L -40 1261 63 ——--
| -
{
-
3% .
— Tested in dry argon.
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1IV. PRECRACKED FACE NOTCHED SLOW BEND TESTS

A, Procedure
In an attempt to approach plane strain conditions, precracked face
notched slow bend tests (PFNSB) were carried out on specimens of the design
shown in Figure 1C. Precracking was accomplished in the same way as for the
PCI and PSB test specimens and was carried out prior to face notching., Using
three point loading, slow bend testa of these specimens were carried out in the
transverse direction at a deflection rate of 0.0125 inch/minute in dry argon at +75°F.

B. Effect of Face Notch Depth

The effect of face notch depth on (W/A)pfnsb was determined for tube
no, 1007, The notch depth was expressed as the ratio of the effective thickness
(Bn) to the actual thickness (B). An IBM 1130 computer was used to determine the
curve that would best fit the (W/A)pfnsb vs., Bn/B data, The least squares solution

for such a curve was found to be as follows:
. 2 3 4
(w/A)prb_ 451 + 868 (Bn/B) -2125 (Bn/B) +2691 (Bn/B) - 1027 (Bn/B) (1)

A plot of Eq. (1) is shown in Figure 4, The average slope is about 245 over the
range of (Bn/B) values from 0, 15 to 0.6 and increases to about 525 for the range oi

(Bn/B) values from 0.6 to 1,0, Considered from the standpoint of increasing face

notch depth (W /A)pfnsb

decreases markedly until the effective thickness is reduced
about 40%; and then decreases more gradually with increased notch depth, Although
a constant value of (W/A)pfnsb was not attained with the tube no. 1007 material, it

was decided to standardize on a (Bn/B) ratio of 0,5 for comparing the plane strain

fracture toughness values of the program materials, As shown by Kalish and Kulin(l*),

*Urderscored numbers in parentheses aesignate References givenat end of report.
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(W/A)pfnsb at Bn/B = 0.5 correlates with other plane strain iracture toughness

parameters.

For Bn/B = 0.5, the following (W/A)pfnab values in the transverse

direction were obtained:

Material 0.1% Yield Strength (W/A) nab
kel inch-lba/inchz
Tube no, 1131 181 760 .
Tube no., 733 186 500
Tube no, 1007 175 610
Marage 250 241 325
Republic 9-4-30 181 825
Gow 2 Z

These experiments showed that tube no. 1131 has a higher plane strain fracture
toughness level than tube no, 733 with tube no, 1007 being intermediate in plain
strain fracture toughness. More important, the order of decreasing fracture
toughness, as plain strain conditions are approached, does not change among the

three gun steels. Republic 9-4-30 exhibitse the highest level of fracture toughness

on this basis,
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1V, DUCTILE-BRITTLE TRANSITION

PCl specimens of steels no,733, 1131 and 1007 were tested in impact at
eight temperatures from -80°F to 200°F and also at -320°F. Figure 5 eshows the
resulting values of precracked Charpy impact energy (W/A)PCI' as a function of
testing temperature for the three gun steels,

The transition temperature for each steel was defined as the test temperature
at which 50% of the super transitional value of (W/A)PCI was attained, Comparing
the three gun steels on the basis of super transitional ‘W/A)pcx and transition

temperature, the results are given below in Table 8,

TABLE 8

TRANSITION DATA

Super Transitional

Tube No. (W/A)py Tfni;::::::e
inch- lbs/inchz °F
1131 2040 .32
1007 1460 -43
733 1100 +41

The regults indicate that both tubes no, 1131 and 1007 are superior to tube
no.733 on the basis of both super transitional (W/A)pCI as well asg transition
temperature. Although tube no. 1131 has a zoneiderably higher super transitional
(W/A)PCI than tube no, 1007, its transition temperature is slightly higher than
tube no. 1007. In addition, it should be noted that at room temperature, both tubes
no, 1007 and 1131 have achieved their super transitional level of (W/A)PCI while

tube no.733 has reached only 70% of this level of toughness.
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V. TEMPER EMBRITTLEMENT

A, Background

For the purposes of this program, it was assumed that temper em-
brittlement is cauged by a reversible grain boundary phenomena such as grain
boundary film formation, precipitation or segregation, i.e., clagsical temper
embrittlement as opposed to the lower temperature, nonreversible embrittlement,
Hence, if a gun tube in question arrived in a temper embrittled condition, re-
heating to a temperature at or slightly above the temipering temperature followed
by a water quench should substantially alleviate the embrittlement. Conversely,
if the gun tube in question arrived in a nontemper embrittled condition, slow
cooling through the embrittleling range would induce some temper embrittlement
if tne tube is susceptible,

B, Procedure

Cl specimens of steels 733, 1007 and 1131 were subjected to the
following heat treatments:

1, 1050°F, 1/2 hour; WQ

2. 1050°F, 1/2 bour; cool to 510°F at 19°F/bour,

One half of the specimens were precracked following heat treatment and all
were broken in impact at test temperatures of +80°F and -40°F,
C. Resuits

Figure 6 compares the resultant values of (W/A)pCI for each steel with
the corresponding results for the as-received gun tubes, Hardness measurements
of all specimens indicate that neitber heat treatment (a) nor (b) caused any measur-
able change in hardness from the as-received condition. Thus, any increases in

toughness due to reheating are not associated with additional tempering.

24
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The criteria used for judging whether or not a tube is temper em-
brittled relies on a . mparison of (W/A)PCI at -400}‘ among the as-received,
alow cooled and water quenched conditions, (W/A)PCI at +80°F may or may not
indicate the presgence of temper embrittiement,

Based on this criteria, it is evident that all three tubes are susceptible
to temper embrittlement. In addi*ion, the following observations can be made.

Tube Ne., 733 The correspondingly low values of ('-.V/A)OCI at =40°F

[0} . .o
and +80 'F for the as-received and slow cooled conditions as compared to the water
quenched condition indicate that tube no. 733 was temper embrittled during
production,

Tube No, 1007 (W/A)PCI (at -40°F) for the as~received tube is in-

termediate between (W/A)PCI for the quenched and the slow cooled conditions,
Evidently, tube no. 1007 has suffered temper embrittiement during production to a

lesser degree than in the case of tube no.733,

Tube No. 1131 The correspondence of (W/A) at -40°F for the as-

PCl

received condition and the quenched condition as compared to the slow cooled =an-

dition suggests that, although tube no.!'3l is suasceptible to temper embrittlement,
it was rot adversely efiected during production,

It shoula be noted that even in the quenched condition, the order of in-
creasing (W/A)PCI is still tubes no.733, 1007, 1131,

The following may be listed as possible causes for the observed em-

brittiement,

) o
1, Tempering of tube no.733 for a long period at 960" F. The temp-
erature for the maximum rate of temper embrittiement at constant tempersture geema

to lie ciose to 950°F for low alloy (< 5% total alloying elements) steels (2).
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2. The presence of more C: in tube no.733 as comparcd to tubes
no. 1007 and 1131, Cr increases the susceptibility tc temper embritilement (3).
3. The presence of Mn above .6% in tube no.733. Mn additions below

+0 to .7% s2em to have little effect on temper embrittlement, The presence of Cr

Recent studies (4,5) indicate that the presence of traces of Sb, Sn, As
and P are important in causing susceptibility to temper embrittlement, Without a
more detailed study, no positive con<lusions may be drawn about the true cause of
the observed temper embrittlement,

D, Crack Propagation Energy

Values of (W/A)CI corresaponding to each steel, heat treatment and test
temperature are shown in Figure 7; also included for comparison are the values of
(W/A)PCI from Figure 6, The -40°F Charpy impact energies generally reflect the
same states of temper embrittlement that the -40°F PClI testing revealed.

Table 9 lists the ratio (W/A)F,CI/(\‘V/A)CI for the data shown in Figure 7,
(W/A)P.CI/(W/A)CI represents that percentage of energy in a standard Charpy im-
pact test available to resist crack extension after a crack has been initiated. It is
important to note that in the water quenched condition, tube no.735 almost achieves
the required 10 ft/1bs at -40°F, However, only 30% of this energy is available to
resist crack extension, Corresponding values of (W/A)PCI/(W/‘A)CI are 50% and
78% for tubes no.113] and i007, respectively. This raises some question about
the valijity of a criterion specifying a minimum Charpy impact energy for struc-

tures assumed to contain cracks at early stages of service,
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Steel

No.

733

1007

TABLE 9

£rreCT OF TEMPER EMBRITTLENENT

ON CRACK PROP.AGATION ENERGY

Licag
Treatment
—ortoient
SC
wQ

As-Received

SC
wWQ

As~Received

SC
wQ

As-Received

Test

Temp

-0
+75
~-40
+75
-40
+75
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VI, HIGH STRESS, LOW CYCLE FATIGUE TESTS

A, Fatipue Testing Apparatus

In order to carry out high stress, low cycle fatigue tests, a Sonntag
SI-10R rotating beam fatifjue machine was modified as shown in Figure 8. In
carrying out such a fatigue test, a precracked specimen (of the design shown in
Figure 1lb) was held horizontally in an inverted anvil with the V-notch facing upward.
Cyclic bending of the specimen was accomplished by a cam driven by a constant
speed electric motor (120 rpm). Contact with the specimen was made with a b-11
bearing a.tached to the cam with the outer race free to rotate. The cam was
mounted on a sbaft which was offset about 1/16 inch from the axis of rotation,
Maximum bend deflections up to about 0,010 inch for a 1.75 inch span distance
were obtained by moving the anvil in a vertical direction either toward or away from
the cam axis. A rack pinion type dial indicator with an accuracy of + 0,0001 inch
was used to measure bend deflections,

B, Fatigue Testing Procedure

In order to run a fatigue test at a selected initial nominal stress level,
the required load (P) can be calculated from Eq, (2). The bend delfection, vy,

mecessary to attain the required load is given by the elastic beam relation:

3

4EB(w-a.Q)E

where E is Young's modulus for steel (30 x 106 psi),
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.

The nominal stress at the root of the crack is given by:

3PL
0 S e (3)
nom B(w-a)&
By combining Eqs, (2) and (3), onom may be expressed as functionof y and a

as follows:

onom - 12 y Ez(w-a) (4)
L

The procedure “aed iz, carrying out the high stress, low cycle fatigue
tests was us follows: (a) precrack heat treated bend specimens to a depth of about
30 mils, (b) heat tint precrack fatigue zone at SOOOF, (c) conduct low cycle high
stress fatigue tests at the selected initial onom level for a total of 1200 cycles at
120 rpm in argon or distilled water, (d) break specimen in impact to expose fatigue
zones, (e) measure the depth over which the low cycle fatigue occurred and (e) cal-
culate the average rate of fatigue crack growth (expressed as inch/cycle).

C. Results _

[URESTEE B

Figures 9 through 13 show the variation of average crack growth rate

Da . . . .
(m)ave —thh nominal stress, onom in argon and water for the five program oteels,

-

. Da .
The effect of distilied water on (FN)ave is apparent when the data for
the three gun tubes (Figures 9, 10 andll) is examined. However, fatigue crack
growth in the Marage 250, Figure 12 and HP-9-4-30, Figure 13, seems to be in-
sensitive to those environments investigated.
. . . . . ¥
For purposes of comparison, this data is shown in Figure 14 as (EY\) ave

V8. -092 » Where oys is taken as the . 1% offset yield strength for each steel,

ys
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In all but the maraging stecl, the initial (Oave’loys< .6) relationships
between (Oa/AN) and (0. /0 ) were fourl to be lirear. For 0 /0 >.6,
ave ave' ys ave' ys
tube no.733 shows a nonlinear dependence of (Aa/AN) on 0 /0  while the
ave ave' yn

other steels exhibit a straight line dependence,

At the present time, it is not feit that any particular emphasis can be
placed on minor variations in slope, although differences such as those between
9-4-30 and the Marage 250 are meaningful.

. _ : . ave
Of more interest at the present time is the lowest value of —~-< at

ys
which measurable fatigue cr: :k growth occurw in 1200 cycles. This is a basis for

comparison of the fatigue resistance of the program steels. These values are given

below in Table 10,

TABLE ¢

STRES3S LEVEL rFOR INCEFTION OF CRACK GROWTH

Cave ba
. at (pR)=?

Eleed Environment ys
Marage 250 Avgon a;ﬁ?" water . 0.340
133 Watej g n.3hA5
1007 Water ’ 0.385
1134 Water 0.38%
9-4-30 Argon)t'y;;‘rwater 2.385
1007 Avrgon 0.410
733 Argon 0.425
1131 Argon 0.425

It car be seen taat the behavior ¢f the gun steels in water correlates

well with service behaviuor and with comparisons on the basis of fracture toughness

parameters,
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Although crack propagation (in 1200 cycles) was found to occur at iow
stress levels in these steels, other investigators have encountered similar be-
havior in Ti-8Al-1Mo-1V and AM-350 stainless steel during fatigue cracking studies
not involving crack initiation (é).

D, Electron Fractography

PSB specimens of tubes no, 733, 1131 and 1007 were cycled in dry argon
as described in Section VIA, After ¢ycling, the specimens were broken in impact
and the fracture surfaces were replicated (7).

The fracture surfaces at 4300X for tubes 1131, 723 and 1007 were
similar in appearance, Figure 15 shows typical fractographs obtained on tube no.
1131, The crack growth rate, as computed from measurement of the fractographs,
was fodnd to agree {ivorably with ( & a/&.\l)ave which was easured in the low cycle

\

fatigue tests. \This correlation breaks down near the end of the fatigue crack, where
o

the crack growth rate increases rapidly.
It is of intecest to note that in Figure 15 the crack growth rate is .n-

creasing, while the nominal stress level is decreasing slightly.
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Vil. STRESS CORROSION CRACKING TESTS

A, Modified Brown Stress Corrosion Testing Procedure

A modification of the Brown (8) apparatus was constructed to expediie
carrying out relatively long time stress corrosion tests at constant load. As shown
in Figure 16, this apparatus utilizes a cantilever beam loading system with a
mechanical advantage of 10:1. This system was designed to apply a ccnstant bend-
ing rnoment to the specimen throughout the test. For smooth loading of the speci-
men, the weights were lowered on to the loading platfocrm ty means of a hydraulic
jack.,

In carrying out a test, a precracked face-notche¢d bend specimen was
clamiped to the base plate in a horizontal position witl. the V-notch facing upwards.
A corrodent cell made of polyurethane filled with dis*i'led water was positioned
to surround the central portion of the specimen. With the exception of the V-notch,
this region wasa coated with lacquer for a distance equal to the effective 1ength of

the cell,

During the course of a stress corrosion test, the dcflecuion ot the
specimen was continually measured by means of a rack and pinion type dial indicator
mounted collinear with the anvil,

B. Results
Initial applied siress intensity and time (o0 failure were obtained and

are shown in Figures 17, 18 and 19,

The data is functionally similar to that found for 4340 by Brown (8), but
different than that found by Steigerwald (9). The differences betweea the latter
apparently were related to incubation time r film forination; once crack growth was
initiated, however, the functional dependence of failure time on initial applied stress

intensity become quite similar,
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The initial applied stress intensity below which no f..lure occurs in
approximately 300 hours was designated KISCC' The values of lﬁSCC for the

program steels are given in Table ll in increasing order.

TABLE 11

BROWN STRESS C DRROSION CRACKING TESTS

Steel KISCC
kei Nin
Marage 250 74
733 94-98
1007 99-102
9-4-30 100-103
1131 105-108

It can be seen that the values of KISCC correlate well with both fraciure
toughness data and service behavior. It also is oi particular interest to note the
poor behavior of the Maraging steel, Emphasis should again be placed on the fact
that subsized specimens were used; the data is presented for purposes of com-
parisons in this program and should not be used for comparison with data for larger
specimen gizes,

C. Electrical Potential Measuring Equipment

The equipment constructed for mcasuring crack growth by means of
cbange in electrical potential is schematically llustrated in Figure 20. Following
the method of Anctil (10), an aluminum foil calib-ation specimen with length and
width dimensions about fifteen times those of a bend specimen was used. This
specimen was subjected to simulated crack extension by cutting with a razor blade

in the width direction starting irom the runt of the notch., Maiuaining a constant

7
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current of one amp, the voltage drop across the potential leads was measured as
a function of crack extension, The crack lengths were measured optically with a
magnifier lens.

In Figure 21, the potential drop V is plotted as a dimensionless
ordinate quantity V/Vo where Vo is the potential drop corresponding to the initial
precrack a_ . Similarly, the crack length a is plotted as a dimensionless abscissa
quantity a/ao. The resulting family of curves shown in Figuie 21 are used to
obtzin crack extension from changes in potential as measured during stress corro-

sion and slow bend tests,

D. Electrical Potential Measurements of Slow Crack Growth in Stress
Corrosion Cracking

PSB specimens of tuses no. 733 and 1007 (oriented so that crack growth
is in the radial direction) were prepared for crack length measurements by spot
welding leads on either side of the precrack immediately adjacent to the root of
the crack. Current lezds were affixed in the saine manner to the ends »f the speci-
men alorng the center line.

The specimens were inserte:l in a Manlabs SB-750 slow bend machine
and distilled water was placed in the notch. After the appropriate connections to
the electrical potential measuring apparatus were made, the specimens were
loaded to a desired stress level and held at constant defiection. The distilied water
in the notch was replenished as the test proceeded. DBoth bending ilvad and potenual
drop at i amperc current {low were ~ecorded as a function of time until the speca-
men either fracturcd or crack growth crased.

After the test was stopped, the apecimen was broken in impact te reveal

the precrack depth a_. Using the calibration data in Figure 21, the precrack depth

F
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and the recerded values of change of potential drop across the crack with time,
the crack depth was obtained as a function of time, During the test, at those pre-
crack depths for which calibration data was not available, crack lengths were
calculated {rom the existing calibration data by a six point Lagrangian interpolation
using the IBM 1130 computer. When these computed values of crack length were
combined with the corresponding recorded values of be “ding load, the nominal stress
at the root of the crack and the applied stress intensity level were obtained as a
function of time,

When the change in crack length during the test was normalized to the
precrack depth, it was found that the logarithm of this quantity In :_a was a
linear function of time (Figures 22 and 23), °

Figure 22 shows the results obtained for tube no,733, The three
curves represent the data obtained at three initial stress intensity levels. Each of
the plot: consist of two straight line segments; the latter segment flattens out as
crack grewth stops or changes discontinuously as fracture occurs, The gradual
tapering off is believed to be associated with geometrical changes in the lead con-
figuration as the load is relieved and also by the departure of the crack front from
2 straight line. This is further confirmed by the failure of the computed crack
depth to agree with the final observed value at crack depths exceeding approximately

0. 100 inch.

A
Since In 53 is initially proportional to time for all th: - specimens,
o)
the crack deptk can be expressed as:

lné—:—=mt+B (5)
o
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where f8a =a - a_, ra is the glope up to the locus of timer m ried A in

Figure 22 and B is the In éai intercept at t = 0.

Hence, aza (1+emt? %) (6)
o
and S . 4 m eM*B (7)
dt -~ ‘o

When the values of m obtained from Figure 22 are plotted as a function
of the initial applied stress intensity Ko a etraight line results (Figure 24).
Measuring the slope and intercept of this plot shows that:
K - K!
= ° 8
ms —y35- ®
Where K! is the extrapolated value of Ko at which m =0 (i,e,, at

which 92 = 0) and is 83.8 ke: in /2 for tube 20,733,

dt
K - K!
(=2——)t+B
'
Therefore, da _ Ko - K 133
T ao ( ————) e (9)
133

for tube no, 733,
The stress corrosion cracking behavior of tube no. 1007 {Figure 23) ia
sirnilar to that of tube no.733, except that the test duration is of the order of 100

hours instead of 100 minutes, The value of m is not yet known for tube no, 1007

a« on', one specimen has been tested. It is interesting to note that the value of K'
for tube no,733 is in fair agreement with the 300 hour value of KISCC determined

by the modified Brown cantilever beam test (KI = 96 kst 'Jin). as the 1000 hour

SCC
value of KISCC for tube no, 733 is probably lower than 96 units.
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The sigrificasce o1 the change in slope in the plots of In ( Aa/ao) vs.
t for tubes no,733 and 1007 is not vet known, The measured values of m for the
second straight line portions in Figure 22 are not a linear function of Ko as
shown by the dashed line in Figure 24, It is hoped that examination of electron

fractographs of these specimens may indicate the cause of this behavior,




Vill. PRE-POP-IN CRACK GROWTH

A, Proc 2dure

- ——

Precracked slow bend specimens of the program steels were instru-
mented for electrical potential measurements as described in Section VIID. The
output of the electrical potential measuring apparatus was connected to an Esterline
Angus ""Speed Servo' recorder. This instrument was chosen for recording potential
changes during slow bend testing because of its extremely low response time (about
0.1 second full scale)., The time axis cf this recorder was synchronized to the
time base of the load deflection recorder by means of a marking pen activated by
the on-off switch of the load deflection recorder.

Following testing, specimens were broken in impact to reveal the pre-
crack depth, Using the method described on page 49 for converting the electrical
potential data to crack length, crack growth during slow bend testing in air was
obtained as a function of load and subsequently as a function of applied stress
intensity,

B. Results

Figure 25 shows schematically typical load deflection and potential
defiection data obtained from a slow bend test, As a typical test proceeds, an
initial change in potential V is noted as the precrack separates (I to II in Figure 25).
A linear cbange of V w:il! deflz_doan o due to elastic deformation (_l_g) (II to III)
follows. Next, a second region of linear change of V with 6 ensues (III to 1V)
and finally, V changes nonlinearly with & (IV to fracture). The nature of the

regions 11l to fracture was established as follows.
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Crack growth in an unnrecracked Lbend specimen of the same dimen-
sions was .nonitored by clectrical potential measurement during a slow bend test
(shown schematically in Figure 25). Figure 25 shows that if the load deflection
record does not contain a discontinuous change in P vs. & until crack growth has
occurred, crack growth is indicated by a nonlinear change of potenti.l with & at IV,
. Furthermore, specimens loaded into the region IV to fracture and broken in impact
revealed crack growth while those loaded into tl.e region lII to 'V exhibited no
crack growth. Thus, the identification of slow crack growth with a nonlinear change
-- of V with & (at the deflection rate investigated) follows directly.
- The results of potential measurements during slow bend testing of PSB
specimens of the program steels in air at a deflection rate of 0,0125 inch per
minute are shown in Figure 26, The crosshatched area represents the stress in-
tensity level at which slow crack growth initiated and the white area shows the level
.- of stress intensity at which a discontinuous ''pop-in' was noted on the load deforma-
- tion record. The black area is the "pop-in'" stress intensity level corrected by the
amount of slow crack growth, as measured by electrical potential, between the
onset of crack growth and "pop-in'',
. The stress intensity levels shown here are not intended to constitute
.- valid KXC measurements, The specimen geometry used does not satisf{y the
criteria for a valid KIC test, but was chosen so that the results could be compared
with the other impact, slow bend, corrosion fatigue, stress corrosion cracking, etc.,
tests involved in this program, all of which utilize the same specimen configuration.
In any case, comparisons among the three gun tubes and to a more limited extent,

the Marage 250 steel a~ 3 meaningful,
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Figure 27 shows that the stress intensity level at macroscopic
"pop-in" for the program steels correlate well with service behavior and the
other fracture toughness parameters obtained in this program, However, the
applied stress intensity corresponding to the onset of the pre~pop-in cracking is
higher for tube no, 1007 than for tube no. 1131, Although there is as yet no ex-
planaticn for this, if the difference in stress intensity between the onsct of slow
crack growth and macroscopic "pop-in'' is taken as a measure of abi.ity to further
accommodate cracking without reaching critical stress levels, the order of in-

creasing toughness is again Marage 250, 733, 1007, 9-4-30 and 1131,
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IX., SUMMARY AND CONCLUSIONS

1, Gun tube no.733 was temper embrittled during production. From tae
informaticn available, the embrittled condition appears to have been induced by
long time temperiag at 360°F, Testing also revealed that all three gun steels
investigated are susceptible to temper embrittlement,

2. In low cycle, high stress fatigue of the three gun steels inveatigated,
distilled water, as compared to dry argoi, increases crack growth rates. However,
in the Republic 9-~4-30 and the Marage 250 steels, water has no discernible effect
on crack growth rates.

3, As a result of the data obtained to date, it can be concluded that long
service life is reflected by some or all of the following:

a, high ductility

b. high fracture toughness

C, low ductile~brittle transition temperature

d. high stress recessary for onset of crack gro'sth in low cycle,
high stress fatigue

e, high values of KISCC

f. kigh tolerances for crack growth after crack initiation in slow

bend testing.
4, Qf the three gun tubes studied, tube no, 1131 consistently exhibited
bitter performance in testing than tube no,733, with tube no, 1007 being intermediate .
Republic HP~9~4-30 generally exhibited properties similar to tube no.1131, Of
the two steels with yield strengths different than 175~ 185 ksi, the Mairage 250
(240 ksi yield strength) performed poorly while the Republic 9-4-20 (Cr, Mo) (160 ksi

vield strengih) performed exceptionally well,
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5. Charpy impact testing does not redlect the ability of a steel to resist

crack propagation. That portion of the energy available in a Charpy test to resist

crack propagation ranged from 25 to 80% of the corresponding standard Charpy

energy.
6. Crack growth in slow bend testing bizgan before "pop-in'' ia all the
steels investigated. The amount of additional stress intensity tolerated before

"pop-in'' generally correlated with higher fracture toughness levels.
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X. WCRK IN PROGRESS

The slow crack growtn studies in this initial investigation are being continued

: under a short extension of the contract, At prescnt, the following testing is underway.

i bt 41 vt e ke an

l. Republic HP-9-4-20 (Cr, Mo) is being subjected to higk stress low cycle
fatigue testing, stress corrosion cracking testing, slow bend testing and electrical

potential testing for comparison with the five steels previously investigaied.

R o B

2, Testing equipment for determining the variation of potential with crack

length in a corroding environment has been designed and is being constructed,

3. Low cycie high stress fatigue cycling of tubes no. 1131 and 733 at -40°F

is in progress.

It is also planned to measu.e slow crack growth phenomena in a large number

DT LD e L el

of gun tubes of known service performance in order to determine the specific param-
eters which correlate best with service life, It is anticipated that the latter effort

will result in a standardized testing procedure for gun tube materials.,
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